The effect of pTR2030 on phage DNA injection, transfection, release of progeny phage, and cell death was evaluated for a number of lactococcal phages. Infection by prolate phage c2 and small isometric phage p2 of derivatives of Lactococcus Zactis LM2301 with or without pTR2030, and infection by small isometric phage 431 of derivatives of L. lactis NCK202 with or without pTR2030 was studied. Phage DNA injection was not affected by pTR2030 when examined using blender-resistant-complex assays with 32P-labelled DNA or by observation of phage labelled with the fluorescent dye 4',6-diamidino-2-phenylindole (DAPI). Successful transfection of hosts bearing pTR2030 indicated that the plasmid did not retard passage of naked phage DNA across the membrane. Infective-centre assays were used to determine whether progeny were released from phage-infected pTR2030 hosts that do not support plaque formation by small isometric phages. In all cases, pTR2030 reduced the number of infected hosts which generated viable phage. When progeny were released, the phage burst size was reduced. The data confirmed that pTR2030 interferes with development of prolate and small isometric phages in a similar manner via a classical abortive infection mechanism.
Introduction
The conjugative plasmid pTR2030 has been used successfully for the genetic construction of phageresistant lactococcal strains for the cheesemaking industry (Sanders et al., 1986) . Characterization of several phage/host combinations indicates that the degree of phage interference caused by pTR2030 varies depending on the morphology of the phage (Jarvis & Klaenhammer, 1986; Hill et al., 1989a, 6) . For small isometric phages p2 and 431, plaquing ability is totally eliminated by pTR2030-containing hosts. In comparison, pTR2030 causes a 10-fold reduction in burst size and a slight reduction in the efficiency of plaquing (e.0.p.) for the prolate phage c2 (Klaenhammer & Sanozky, 1985) . It has been suggested that pTR2030 may direct an abortive phage infection (heat-sensitive phage resistance; Hsp) (Klaenhammer & Sanozky, 1985; Steenson & Klaenhammer, 1985 ; Jarvis & Klaenhammer, 1986 , 1987 Hsp, heat-sensitive phage resistance; MC, mitomycin C ; m.o.i., multiplicity of infection; R/M, restriction/modification.
Hill et al., 1989a, b). Hill et al. (1989a) found that pTR2030 encodes Hsp and restriction and modification (R/M) against small isometric phage 4 3 1. However, only Hsp and not R/M is operational against phages p2 and c2. Although interference with phage development is evident by these gross phenotypic assays (plaquing efficiency and plaque size), it has not been determined how each pTR2030-encoded defence mechanism contributes to the overall resistance (Romero & Klaenhammer, 1990 ). Inhibition of phage development via an abortive infection has been linked to F plasmids, colicinogenic plasmids and lysogens in Escherichia coli and Salmonella (Duckworth et al., 1981) . An abortive infection is defined as disruption of phage development after adsorption, DNA injection, and the early stages of macromolecular synthesis have occurred without degradation of phage DNA (Duckworth et al., 1981) . In these cases, aberrant plaque morphologies and reduced e.0.p. often accompany incomplete phage development. Proposed mechanisms which attempt to explain the abortive phenomenon implicate failure of the lytic cycle during replication, transcription or translation, or collapse of cell membrane function (Condit, 1975; Blumberg et al., 1976; Behnke & Malke, 1978 Murphy et al., 1988) . These plasmids induce responses similar to those of pTR2030 against small isometric and prolate phages. There has been no clear definition as to how these plasmids interfere with the phage lytic cycle or at which point in development they have their effect. The objective of this study was to examine the effects of pTR2030 on injection and transfection of phage DNA, release of progeny phage, and cell death. Our intent was to initiate characterization of the Hsp mechanism separately from R/M and to quantify the degree of inhibition which pTR2030 elicits against different phage strains and species.
Methods
Bacteria, phages and culture conditwns. The bacterial strains and phages used in this study are listed in Table 1 . Lactococcus lactis subsp. lactis ( L . lactis) and L. lactis subsp. cremoris (L. cremoris) strains and their phages were propagated in M 17-glucose (M 17G) or M17-lactose (M17L) broth (Terzaghi & Sandine, 1975) at 30 "C. All stock cultures were stored at -30 "C in growth medium + 10% (v/v) glycerol.
Bacteriophage titres, e.0.p. and adsorption assays were determined as described previously (Sanders & Klaenhammer, 1984) .
Isolation andpurijcation of phages. Phages were isolated and purified as described by Jarvis & Klaenhammer (1986) , with the following modifications. Host cells were propagated in M17G broth to an OD600 between 0-15-0.40, after which 250 p1 1.0 M CaCl,, 9-0 pl 4',6-diamidino-2-phenylindole (DAPI; 2 mg ml-l, Sigma) (Furukawa et al., 1983) and 0.5 ml phage suspension [lo9 plaque-forming units (p.f.u.) ml-l] were added. The position of phages in three-step CsCl density gradients (Maniatis et al., 1982) was identified using a long-wave (366 nm) UV lamp.
To prepare ,P-labelled phages, host cells were propagated in broth containing 0.5% (w/v) tryptone, 0.2% (w/v) yeast extract, 0.3% (w/v) beef extract, 0.5% (w/v) glucose, 0.3% (w/v) NaCl, 0.15% (w/v) sodium acetate, 0.05% (w/v) ascorbic acid and 1 mM-MgSO,. Cells were infected with phage in the presence of 90 pCi (3.33 kBq) carrier-free [32P]phosphoric acid ml-' and 50 m~-CaCl,. 32P-labelled phages were isolated and purified using a three-step CsCl gradient. The approximate specific activity [c.p.m. (p.f.u.) -l] of the radiolabelled phage was determined on the basis of plaque assays (p.f.u. ml-l) and the radioactivity (c.p.m. ml-I) of the preparation.
Phage DNA injection studies. A fluorescence microscope was used to monitor entrance of DAPI-labelled phage DNA into cells (Furukawa et al., 1983) . Phage containing DAPI-labelled DNA were mixed with L. lactis hosts with or without pTR2030 (+ or -pTR2030) at an approximate multiplicity of infection (m.0.i.) of 2 and observed on slides in free suspension over a 40 min period. UV fluorescence was generated from a high-pressure mercury vapour lamp in conjunction with a 334nm excitation filter and a 420nm suppression filter.
Photographs were taken of phage-host complexes immobilized in a thin layer of 0.4% (w/v) agarose using a 90/1-15 objective and a Polaroid camera.
Phage injection was also determined by assaying blender-resistant complexes (Hershey & Chase, 1952; Watanabe & Takesue, 1972 ) using 32P-labelled phage. Host cells were grown to exponential phase (2-0 h) in 10ml M17G broth, centrifuged at 9750g for lOmin, and resuspended in 5 ml M 17G broth + 50 m-CaC1,. Cells were infected with radiolabelled phage at an m.0.i. of 1 and incubated at room temperature for 15 min. Phage-host complexes were removed by centrifugation at 9750g for lOmin, resuspended in 1Oml M17G broth + 50 mM-CaC12, incubated at 30 "C until 5 min prior to the end of the latent period (10 rnin for phage c2 or 40 rnin for phage (b31), and adjusted to a 200ml volume with chilled 10% (v/v) M 17G + 50 m-CaCl,. This suspension was centrifuged (9750 g, 10 min), and the pellet was gently resuspended in 30 ml chilled 10% (v/v) M17G + 50 m-CaC1, and incubated on ice for the duration of samplings. A 10 ml aliquot of complexes was centrifuged (9750g, 10 min) and assayed for pellet c.p.m. ml-l (adsorbed) and supernatant c.p.m. ml-l (released). A 20 ml aliquot of complexes was blended at 16000r.p.m. for 5min in a dry-ice-jacketed sample blender. After blending was complete, a 10 ml aliquot was withdrawn and centrifuged (9750g, 10 min) to determine the pellet c.p.m. ml-l (injected) and supernatant c.p.m. ml-I (sheared). Control experiments were done to assess cell viability and phage infection during blending and in cell pellets before and after blending.
Infctiue-centre assays. To determine whether phage-infected hosts ( + or -pTR2030) released viable progeny, phage-host complexes were plated on sensitive host lawns and evaluated for infective centres detected as plaques. L. lactis hosts (+ or -pTR2030) were infected with phage at a m.0.i. of 0.1 in the presence of 50mM-CaC1, and incubated for 5 min (phage c2), 10 rnin (phages p2 and rlt), or 20 rnin (phages 431 and m431). Phage-host complexes were centrifuged (9750 g, 10 min), washed twice in 40 ml M17G + 50 m-CaC1, at 4 "C, diluted, and assayed for infective centres. L. lactis hosts which did not adsorb phage were used as controls in this procedure to monitor the effectiveness of phage removal during washing. The efficiency of infective centre formation (e.0.c.) was calculated as [centres ml-1 on
To determine the number of infective centres formed after prophage induction using mitomycin C (MC), lysogenic (Lys+) strains were propagated in Elliker broth and washed three times with 30 ml Elliker broth. The final cell suspension was adjusted to an initial OD600 of 0.12 and MC added to a final concentration of 1.0 pg ml-l. Samples (1 ml) were taken at 15 min intervals and cell concentration standardized (OD600 = 0.100). Each sample was centrifuged (9750g, 10 min), washed twice, and dilutions assayed for infective centres. The e.0.c. was calculated as [centres ml-l on Lys+ host (+pTR2030)] [centres ml-l on Lys+ host (-pTR2030)I-l.
Protoplast transfectwn. This was done using a protocol for protoplast transformation (Hill et at., 1989a) with the following modifications. After final resuspension of DNA-treated protoplasts, 10, 50, 100, 250 and 500 p1 samples were immediately assayed for infective centres. The frequency of transfection was calculated as the number of infective centres per pg of phage DNA.
One-step growth curves and burst size determination. One-step growth curves for phages p2 and m43 1 were obtained as described previously (Klaenhammer & Sanozky, 1985) . In separate experiments, burst sizes were calculated as the number of progeny phage released at the completion of one phage growth cycle (45 min for phages c2 and p2, 75 rnin for 431) divided by the total number of infective centres at time 0. The burst size of the temperate phage r,t induced from Lys+ hosts was also determined. Strains were propagated, washed in Elliker broth * Lac+, lactose-fermenting; Lac-, lactose-negative; Hsp+, phage resistance encoded by pTR2030; R+/M+, restriction and modification; Lys+, lysogenic; Nis', nisin resistance; str-2 and str-15, streptomycin -resistance (lo00 pg ml-I); ery-2, erythromycin resistance (2 pg ml-l); Tra+, conjugational proficiency. f NCK202, formerly L2FA, and its derivatives NCK211 and NCK204 carry a native plasmid (pTRK68) that encodes an R/M system (Hill et al., 1989~) . Phages 431 and m431 were propagated on NCK202 and NCK211, respectively, so that any effects of this R/M system were negated.
$ pTR1040 encoding Lac+ Nis' does not confer phage resistance in NCK202, LM2301, or T-R1Cs (Hill et af., 19896; Jarvis & Klaenhammer, 1986).
8 Phages c2 and p2 demonstrate the same lytic capacity on LM2301 and LM2302. I( Phage 431 (propagated on NCK202) demonstrates the same lytic capacity on NCK202 and NCK203. and resuspended to an OD600 of 0.12. MC was added to a final concentration of 1.0 pg ml-1 to Lys+ cells and cell suspensions were incubated until 15 min prior to initiation of lysis. The induced hosts were washed and resuspended in 10 ml Elliker broth. A 5 ml aliquot of this suspension was assayed for initial infective centres ml-1 (C,) and then centrifuged (9750g, 10 min) to obtain a cell-free supernatant for assay of initial p.f.u. ml-' (Po). The remaining 5 ml of suspension was monitored until lysis was complete, centrifuged (9750g, 10 min), and the supernatant assayed for final p.f.u. ml-1 (P,). The remaining pellet was washed three times and assayed for final infective centres ml-1 (C2). Burst size was determined by the formula [(P2 -PO)(Co -C2)-'1.
Initial p.f.u. ml-1 (Po) was determined in order to monitor any initial phage levels due to spontaneous induction. Final infective centres ml-1 (C,) was determined to monitor conversion of induced cells to lysed cells. Cultures without MC were used as controls to monitor the level of phage released due to spontaneous induction.
Survival and lysis of cells infected with phage.
The optical density of phage-infected hosts (+ or -pTR2030) was monitored over time to determine lysis. An overnight culture was added to M17G broth + 50 mM-CaC1, and adjusted to an OD600 of 0.10. When the OD600 reached 0.20-0.25, 100 p1 phage suspension (lo9 p.f.u. ml-l) was added to achieve a final m.0.i. of 2. OD600 was monitored at 30 min intervals during incubation.
Cell survival was measured by assaying the number of viable cells after phage infection as described by Behnke & Malke (1978) . Cells were infected with phage at an m.0.i. of 5 (c2) and 10 (p2 and 431), incubated at 30°C for 5 min (c2 and p2) and 10min (431), and survivors were enumerated. The surviving fraction was calculated using the formula [c.f.u. ml-l in culture with phage] [c.f.u. ml-1 in culture without phage]-'. The percentage cell death was calculated from the formula 100 x [(c.f.u. ml-l in culture without phage) -(c.f.u. ml-I in culture with phage)] [c.f.u. ml-1 culture without phage]-'.
Phage plaquing, adsorption and DNA injection
In plaque assays, the prolate phage c2 forms small plaques on L. lactis TEK12 (+pTR2030) at an e.0.p. of , 1987 Sanders et al., 1986; Sing & Klaenhammer, 1986; Hill et al., 1989a, b) . Adsorption of phages c2, p2, rlt and 431 was evaluated on their respective hosts with or without pTR2030. Phage adsorbed at 92-98 % to all hosts studied, confirming that pTR2030 does not retard adsorption (data not shown).
DNA injection by phages c2, p2, and 4 3 1 into L. Zactis hosts (+ or -pTR2030) was evaluated by fluorescence microscopy using DAPI-labelled phage DNA. Clear definition of injection was observed for phage p2 into L. lactis LM2301 (-pTR2030) and L. Zactis TEK12 ( + pTR2030) (Fig. 1) . Similar observations were made with phage c2 (data not shown). Injection was detected by a change from satellite fluorescence of phage at the cell surface (phage adsorption) to an intense fluorescence within the cells (injection) approximately 25 min postadsorption. These data indicate that pTR2030 does not retard injection of phage p2. Injection of DAPI-labelled phage 431 DNA into either L. Zactis NCK202 ( -pTR2030) or NCK204 ( + pTR2030) was not unequivocally observed by this assay : cells visualized at 40 min post-adsorption showed both satellite and internal fluorescence.
Injection of 32P-labelled phage 43 1 DNA into L. Zactis hosts (+ or -pTR2030) was also assessed by formation 
Efects of pTR2030 on phage DNA transfection
We examined whether carriage of pTR2030 affected phage DNA transfection of Lactococcus protoplasts (Table 3) . Phage c2 DNA transfected L. lactis LM2301 (-pTR2030) and T-WSl (+pTR2030) at nearly equal frequencies of lo3 transfectants (pg DNA)-'. Phage p2 DNA successfully transfected L. Zactis LM2301 and T-WS1, but there was a fourfold reduction in the number of transfectants (pg DNA)-l when pTR2030 was present. Phage 43 1 transfectants were not detected on NCK204 (+pTR2030). The efficiency of this transfection assay could not be increased above per pg of phage $31 DNA.
Detection of phage released from pTR2030-containing strains
Infective-centre assays were conducted to determine whether viable phage were released from phage-infected hosts carrying pTR2030 (Table 4) . Both phages c2 and p2 produced infective centres on L. lactis TEK12 LM2301 (-pTR2030) was reduced 59% for phage c2 (e.0.c. = 4.1 x 10-l) and 98% for phage p2 (e.0.c. = 1.7 x Phage p2 does not form plaques on TEK12 (+pTR2030) (the e.0.p. is < but these data show that for every 98 TEK12 cells infected with phage p2, one infective centre is formed which can release progeny phage.
Formation of infective centres was not detected for 431 when pTR2030 was present (Table 4) . Since pTR2030 exhibits both Hsp+ and R+/M+ responses against $31 (Hill et al., 1989a) , the effect of Hsp alone could be evaluated only by using 431 modified for the pTR2030-encoded R/M system. Phage 431 was propagated through L. lactis NCK211 (pTK6) to prepare modified phage (m#31) that is not restricted by the pTR2030 R/M system (Hill et aZ., 1989a) of infective centres by 431 on NCK204 was similar to that of phage p2 on TEK12 once the effects of the pTR2030 restriction system were removed. Like the other small isometric-headed phages, rlt is unable to plaque on L. cremoris T-R1Cs (+ pTR2030) (Jarvis & Klaenhammer, 1986) , but forms infective centres at an e.0.c. of 87% (Table 4) . Since phage rlt is a temperate phage, we also examined the number of infective centres formed after induction of the lysogens L. cremoris T-R1 Cs(rl t) ( + pTR2030) and L. cremoris RlCs(r,t) (-pTR2030). The presence of pTR2030 reduced the number of phage rlt infective centres by 97% when the lytic cycle was initiated 'from within'.
Efect of pTR2030 on burst size
Growth curves were generated for phages p2 and m431 on hosts with and without pTR2030. Fig. 2 shows that the latent period was 15 min for phage p2 on L. Zactis LM2302 (-pTR2030) and 30 min on L. lactis TEK12 (+pTR2030). Phage p2 burst sizes were 136 and 13, respectively, in LM2302 and TEK 12. Similar experiments with m43 1 revealed a burst size of 172 on L. Zactis NCK203 (-pTR2030) and 16 on L. Zactis NCK204 (+pTR2030) (data not shown). Thus the presence of pTR2030 caused a 10-fold reduction in burst size for both p2 and m43 1, and a 15 min extension of the latent period of p2. The latent period for m431 was unaffected by the presence of pTR2030 (data not shown).
Jarvis & Klaenhammer (1 987) observed previously that cell lysis occurs upon MC induction of phage r,t in the presence of pTR2030. However, it was not determined if pTR2030 affected the burst size. The burst size of r,t from L. cremoris T-RlCs(r,t) (+pTR2030, Lys+) was 10, versus 158 for L. cremoris RlCs(r,t) (-pTR2030, Lys+), upon MC induction. Thus even though cell lysis was apparent following prophage induction, the presence of pTR2030 caused a 16-fold reduction in the burst size of phage rlt.
Reduction in the eficiency of infective-centre formation is not due to resttictionlmodijication
Infective-centre formation by phages c2, p2, m431 and r,t on pTR2030 hosts occurred at efficiencies between 10-1 and (Table 4) . To determine if R/M activities contributed to this reduction, infective-centre assays were conducted using phage rl t induced from L. cremoris T-RICs(rlt) (+pTR2030, Lys+) (Table 4) . If pTR2030 modifies phage r,t during induction, the number of centres formed by the induced phage r, t, designated ir, t, on L. cremoris T-R1Cs (+pTR2030) should not be reduced relative to the unmodified phage rlt, which is propagated on RlCs. The e.0.c. of irlt was 2.0 x lo-,, versus an e.0.c. of 1.3 x 10-for rl t (Table 4 ). These data demonstrate that the presence of pTR2030 does not result in the modification of phage rlt during induction and suggest that the effects of pTR2030 on this small isometric phage are independent of RIM activities.
Cell death and lysis of pTR2030 hosts infected with phage
Hosts containing pTR2030 were infected with phage and monitored for lysis during incubation. L. Zactis TEK12 (+ pTR2030) cells infected with phage c2 began to lyse after 90 min, whereas no lysis was detected for cells infected with phage p2 (data not shown). L. Zactis NCK204 (+ pTR2030) cells infected with 431 or m431 also showed no detectable lysis (data not shown).
To determine if pTR2030-bearing hosts died after phage infection, c.f.u. ml-l were assayed in cultures with and without phage (Table 5 ). Of those pTR2030 hosts infected with phage c2, 92% died. Of p2-infected pTR2030 hosts, 74% died, a greater percentage than would be expected given the e.0.c. of lo-* (see Table 4 , 1 % release phage progeny) and the failure of this phage to lyse broth cultures. These data indicate that a majority of pTR2030 cells die after infection, but do not lyse or produce progeny. Only 8% of pTR2030 hosts infected with 431 died after phage infection, while 91% of m43 1 -infected hosts died.
Discussion
The conjugative plasmid pTR2030 encodes a phage resistance phenotype which is representative of a group of plasmids that interfere with lactococcal phages. The objective of this study was to determine the effects of pTR2030 on injection of phage DNA, release of progeny phage, and death or lysis of infected cells.
pTR2030 did not affectsphage adsorption or DNA injection for either the prolate (c2) or small isometric (p2 or 431) phages examined in this study. Previously, it was suggested that pTR2030 might inhibit entry of small isometric phage DNA across the membrane by a mechanism resembling superinfection exclusion (Duckworth et al., 1981 ; Jarvis & Klaenhammer, 1986) . DNA transfection occurred at efficiencies comparable to the efficiency at which infective centres were formed by intact phage. Therefore, the pTR2030 mechanism acted similarly whether the introduction of phage DNA occurred via injection or transfection. To circumvent any possible contribution by the membrane, we examined the effects of pTR2030 on the development of the r,t prophage induced using MC and compared this to its effect on externally infecting rl t. pTR2030 affected phage multiplication to the same extent against internally induced phage rl t as externally infecting r, t. These observations indicate that interference by pTR2030 acts post-injection and following DNA circularization. A similar analysis was made for prophage induced in the presence of the rex gene by Toothman & Herskowitz (1980) . Although phage DNA is injected from phages c2, p2 and 431 into hosts carrying pTR2030, the degree of inhibition is different in each case. For the prolate phage c2, characterized by small plaques and slightly reduced e.o.p., the strength of the Hsp+ abortion caused by pTR2030 is at a minimum. Viable phage were released from only 40% of c2-infected pTR2030 hosts and those which completed infection underwent a 1 O-fold reduction in burst size. A majority (92%) of the infected cells still died due to c2 phage infection. Phage abortion directed by pTR2030 is not strong enough, however, to prevent phage c2 inhibition of starter culture activity in milk (Steenson & Klaenhammer, 1985) . For the small isometric phage p2, the Hsp-induced abortion appeared stronger. Only 2% of pTR2030-containing cells that were infected released viable phage, and there was a 10-fold reduction in burst size; together these effects mean that p2 phage are unable to form plaques on a lawn of hosts bearing pTR2030. The infected cells did not lyse, but a majority of the host cells (74%) died as a result of the p2 phage infection.
For the small isometric phage 43 1, also characterized by no plaques, the phage defence appeared strongest. At first inspection, the degree of abortion appeared greatest in that 431 did not form infective centres on pTR2030 hosts, or cause cell death. Recently, Hill et al. (1989a, b) demonstrated that pTR2030 carries genetic determinants for R+/M+ as well as Hsp+. pTR2030-encoded R/M is effective against phage 431, but not phages p2 and c2. Infective-centre formation with 431, or transfection with 431 DNA, was not detected in this study because R/M activities (e.0.p.
reduced the frequency of a successful infection below the detectable limits of these assays. When the effects of R/M were eliminated, pTR2030-induced phage abortion (Hsp) was apparent and operated at a level similar to that seen with the other small isometric phages evaluated in this study.
Greater survival of pTR2030 hosts infected with phage 43 1 reflects the contribution of pTR2030-encoded R/M to the combined operation of R/M and Hsp in L. lactis NCK204. The R/M system serves to inactivate W . D . Sing and T. R . Klaenhammer phage DNA immediately after injection. Consequently, host functions are not disrupted and the majority of infected cells do not die. This first line of defence is significant because the lytic cycle is apparently inactivated early enough to preserve host survival. If the phage escapes restriction, the infection can still be aborted by the second defence system (Hsp). When cell death results, the phage cycle is disrupted and the infected cells fail to generate phage progeny. Behnke & Malke (1978) found that abortive infection of different lytic phages by Streptococcus pyogenes lysogens could result in either host death or survival. R/M activities were detected in these S . pyogenes lysogens, but no correlation was made between host survival and operation of R/M activities. The combined operation of Hsp and R/M in NCK204 (+ pTR2030) demonstrates the effectiveness of multiple phage resistance mechanisms acting in concert. Phage infection and proliferation are minimized while cell viability is maintained. These factors are vitally important to the fermentative performance of the lactococci in milk. The combined operation of R/M and Hsp may explain the longevity shown by pTR2030 transconjugants in commercial dairy fermentations (Sanders, 1988) .
The observations in this study and others (Hill et al., 1989a, b) suggest that the phage abortion (Hsp) encoded by pTR2030 may operate via a similar mechanism against phages c2, p2, r,t and 431. It is possible that the Hsp mechanism acts at a common point which can retard the lytic cycle and limit the number of progeny released if lytic cycles are completed. The interference directed by pTR2030 closely resembles F plasmid (pif gene) mediated abortive infection against coliphage T7 in E. coli (Miller et al., 1985; Kruger & Bickle, 1987) . Here, pif-encoded products are thought to cause ribosomal defects which can induce misreading of the phage RNA polymerase gene. In turn, the defective RNA polymerase synthesizes fewer mRNA transcripts for late product synthesis. This interference in macromolecular synthesis results in fewer viable phage being produced. In the T7-pif case, two separate genes (pifA and pifB) were implicated in defects in macromolecular synthesis and membrane dysfunction, respectively. Similarly, pTR2030 may encode products which interfere with one or more steps in phage-directed macromolecular synthesis. The abortive mechanism directed by pTR2030 is unlike that directed by the ColIb plasmid abi or pic genes (Duckworth & Pinkerton, 1988) . In the ColIb abortive system, phage-infected cells die as a result of premature lysis.
The ability of pTR2030 to reduce the number of progeny released from infected cells reflects an abortive mechanism (Hsp) that can retard proliferation of small isometric phages. This is significant because these phages are the predominant type implicated in contamination and failure of milk fermentations (Jarvis & Klaenhammer, 1986) . Knowledge of the molecular mechanism responsible for pTR2030-induced abortive infection will further our understanding of phage-host interactions in the lactococci and may facilitate genetic efforts to construct phage-insensitive strains. Phages which are resistant to the pTR2030 mechanisms have been identified (Klaenhammer, 1987 ; al., 1989 a) . Therefore, it is imperative that other mechanisms be identified which act at different targets in the lytic cycle. Given additional mechanisms, we can employ complementary defences to protect against the appearance of new phages to an extent where a long-term, phageinsensitive starter system can be maintained. Increased attention directed toward identifying different abortive mechanisms in the lactococci may be as fruitful as genetic efforts to improve any one single mechanism.
